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Abstract² This paper presents a novel fabrication method for 
constructing thin soft pneumatic actuators. The method is based 
on building up thin layers of elastomeric material with embedded 
strain-limiting and mask layers using a bespoke film applicator. 
This enables the fabrication of millimetre-scale soft actuators 
with complex integrated masks and/or strain-limiting layers, as 
demonstrated in a series of proof of concept prototypes. The 
prototype actuators can be cut into a desired shape via laser 
cutting this laminated sheet. This paper show the feasibility of the 
fabrication method and the value of its use in creating thin soft 
pneumatic actuators for application in soft robotics. The 
technique can be further developed to fabricate multi-material 
composite soft actuators which are thin, compact, flexible and 
stretchable.  
I. INTRODUCTION 
There have been great advances in the field of soft robotics 
since its inception, founded to bridge the gap between nature 
and the state of the art µULJLG¶robotic systems of the day. There 
is increasing demand for soft robotic technology due to factors 
including the innate compliance, safety, and adaptability 
which such systems possess. To date soft robotic systems have 
typically operated at centimeter or larger scales, largely 
limited by the fabrication processes involved in their 
manufacture. However, there is growing demand for smaller, 
more precise and more dexterous soft robotic systems which 
can address challenges in diverse areas including healthcare 
and search and rescue [1-3]. Thus, the development of new 
high-precision fabrication techniques is crucial to support the 
advancement and expansion of soft robotics.  
 
Since its inception, soft robotic fabrication has seen a shift 
from conventional µmoulding and casting¶PHWKRGV to explore 
a range of rapid prototyping techniques including 3D printing 
[4-6], soft lithography [7-9], shape deposition manufacturing 
[10, 11], and combinative techniques [12-17]. These 
techniques have all been exploited to build soft robotic 
actuators and inflatable surfaces [18-22]. Soft actuators such 
as PneuNet [23] and FPAM [24] have inspired variants of soft 
pneumatic actuator 63$¶V designs over the years, all of 
which use a form of moulding or casting in their fabrication 
process. Attempts have been made to build small SPAs based 
on 3D printed moulds, however, despite the feasibility, due to 
design and geometrical constraints of moulding techniques, 
the ability of these actuators to operate in application with 
narrow and limited space are somewhat limited [3, 25, 26]. 
Moreover, moulding fabrication techniques are inherently 
limited in the geometries they can produce which 
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consequently limits the functionality of the actuators they 
produce.  
 
In order to address the shortcomings of conventional SPAs, 
there is a need for more flexible fabrication methods that can 
easily produce soft actuators at small scales with features and 
functionalities that can be easily designed. 
 
In this paper, we describe a novel Thin Soft Layered 
Composition (tSLC) fabrication technique to develop thin (< 
1 mm) soft pneumatic actuators (tSLA) with precise sub-mm 
features. The technique derives from laminating and stacking 
thin precision-cut laminar materials which can include soft 
elastomers as inflatable layers, strain-limiting layers, and 
mask layers. The regions covered by the mask layer (between 
strain-limiting layer and inflatable layers) define inflatable 
zero volume cavities that can be selectively actuated through 
fluid inlets. This fabrication method enables the creation of 
complex, articulated mechanisms with submillimetre scale 
mechanical features with a range of potential applications in 
soft robotic research. 
 
The remainder of the study is organised as follows: Sec. II 
describes the conceptual design for the tSLA and its 
production using our new tSLC fabrication method. The 
characterisation and test results of the actuator is then 
discussed in Sec. III. Followed by, a discussion of the 
fabrication technique and conclusion in Sec. IV and V 
respectively. 
 
II. ACTUATOR DESIGN AND FABRICATION METHOD 
Conceptual Design 
Our proposed thin soft pneumatic actuator (tSLA) consists 
of thin soft elastomeric layers, strain-limiting layers, and mask 
layers stacked on top of each other to form a compound 
system, as shown in Fig. 1(a) and 1(b). Portions of the strain-
limiting layer and the elastomeric layer can be selectively 
adhered to each other based on the mask layer features. This 
forms an inflatable structure with zero-volume chambers. The 
elastomeric material layers enable expansion of the inflatable 
cavities and channels as well as adhesion between layers when 
applied in a pre-polymer form. The stiffness of this layer must 
be less than that of the strain-limiting layer such that it bends 
or deforms more readily compared to the strain-limiting layer. 
7KLQ6RIW3QHXPDWLF$FWXDWRU%DVHGRQD1RYHO)DEULFDWLRQ
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A stiffer elastomer or inextensible material (i.e. fabric, paper, 
PET film) can be used for strain-limiting layers. This layer acts 
to resist various types of strains in one or multi directions until 
its yield strength is reached. Upon actuation, expansion of the 
inflatable layer is directed by the strain-limiting layer, causing 
a bending motion or resultant force for actuation.  
 
Using this concept, the stiffness, overall thickness, inflation 
profile and geometry of the soft actuator can be manipulated 
layer by layer, with the selection of appropriate materials and 
profiles and consideration of their configuration relative to 
each other. This can then be utilised to develop tSLAs with a 
range of pre-programmed behaviours and geometries.  
 
Fabrication Technique 
The conceptual tSLA design drove the development of our 
tSLC fabrication method which aims to exploit a combination 
of thin laminar structures, created here using a bespoke film 
applicator ± as shown in Fig. 1(c), which can be precisely cut 
or etched using a laser-cutter. The applicator consists of a 
linear actuating stage (C-Beam® Linear Actuator, Open 
Build) of 250 mm travel distance with a manual vertical stage 
(MAZ-40-10 Z-axis Vertical Stage, Optics Focus Solutions) 
to control the height of the applicator platform made of 
extruded acrylic (W: 250 mm, L: 150 mm). A metal rod of 16 
mm Ø is mounted at a set height of 10 mm from the base of 
the rod to the applicator platform. The translational stage 
moves the film platform relative to the rod at between 100 and 
500 mm/s. The vertical stage is then manually calibrated to 
adjust rod-plate separation and thus produce films sheets of 
desired thicknesses ranging from 0.1 mm to 1 mm.  
 
The tSLC fabrication process, shown in Fig. 2(b), is as 
follows; (i) the applicator is set to the desired layer thickness 
while pre-polymer silicone is poured onto the centre of the 
platform. (ii) The platform is then actuated at a desired set 
speed; spreading the silicone across the platform to produce 
the desired thickness. (iii) Once the silicone has spread, the 
platform is then removed and placed into an oven at 45°C to 
cure for 10~15 minutes depending on the type of silicone. (iv) 
Strain-limiting materials (i.e fabric or pre-polymer silicone) or 
laser cut masks layers are then added to the layer before and/or 
after the silicone has been cured. (v) Further layers of silicone 
or embedded material are introduced by repeating stages (i)-
(iv) based on the desired layer configuration. Once completed, 
the composite structure is aligned onto a backing paper, using 
the alignment features, and placed into a laser cutter 
(Universal Laser Systems-VLS 3.50, 50W Laser Cutter) to cut 
out the desired shape, as shown in Fig. 2(a). The fabricated 
actuators are then cleaned (using isopropanol), integrated with 
pneumatic airlines and ready to be tested.  
 
The selective laser cutting process can be used not only to 
cut the tSLA and separate it from the base build platform, but 
also to cut individual layers and/or pattern them to produce 
desirable features for the tSLA. The profile of these patterns 
can be controlled in Z direction by adjusting power and speed 
settings of the laser beam. Same alignment features are utilised 
to DOLJQ WKH OD\HU RQ WKH ODVHU¶V FXWWLQJ SODWIRUP. The layer 
must be cleaned by an airgun and then a sonicator to remove 
any debris and soot from the layer. This will provide a clean 
surface and make sure good bonds can be created when other 
layers are added in the tSLC process [27, 28]. 
  
 
Figure 1. (a) Conceptual design for the tSLA, (b) Schematic diagram of the tSLC fabrication steps to create tSLA (orthogonal view). This includes base 
platform with alignments features, elastic layers (i.e. silicone), mask layer produced via laser cutting, and final selective laser cutting to pattern and/or 
separating the tSAP from the base platform sheet, (c) Bespoke thin film applicator to apply thin and uniform prepolymer silicone.  
  
Fabrication of tSLA 
A range of prototype tSLAs were developed to evaluate their 
performance and the characteristics and efficacy of the 
underlying fabrication method.  
 
As illustrated in Fig 1(a) and 1(b), a layer-by-layer 
schematic was first designed to determine the sequential 
process for the actuator fabrication. The fabrication of each soft 
actuator is then as follows: (i). the applicator is configured to 
produce the desired layer thickness. Pre-polymer silicone is 
prepared for all elastomeric layers, in this instance using 
Ecoflec 50 (Smooth-On Inc., USA) mixed at 2000 rpm for 90 
s (ARE-310, Thinky Inc., Japan). Defoaming of the mixture 
was performed at 2200 rpm for the same time period. After 
mixing, the mixture was poured onto the platform and spread 
across using the film applicator to form a silicone sheet of 0.4 
PP $ IDEULF PHVK ZLWK  PP WKLFNQHVV 6RIW µQ 6KHHU
stabiliser, Sulky of America Inc.) is then placed on top of the 
pre-polymer silicone layer to embed the fabric as a strain-
limiting layer. (ii). The platform is then removed from the stage 
and placed into the oven at 45°C for 15 minutes. This process 
speeds the curing of silicone and control the thickness of the 
film, while other elastomeric material may require longer 
curing times. (iii). Once the first layer has been cured, the 
platform is adjusted to compensate to the new height and 
another layer of 0.4 mm thick Ecoflex 50 is applied and cured 
in the oven. (iv). A mask layer of 0.1 mm thickness (Paper 
Solvy Water Soluble Stabiliser, Sulky of America Inc) is laser 
cut to the shape of the zero-volume cavity and then manually 
aligned on top of the cured layer of silicone. This is then 
followed by an application of a 1.5 mm layer of silicone to 
encapsulate the mask layer. (v). After the final layer of silicone 
is cured, the sheet is then removed from the build platform onto 
an alignment sheet for laser cutting. The mask layers are made 
of water-soluble paper and are thus easily removed from the 
designed actuator by flushing, leaving a zero volume chamber 
for pneumatic inflation. 
III. CHARACTERISATION AND RESULTS 
Experimental Design 
Preliminary characterisation of the prototype tSLAs were 
performed to consider the effect of two key design parameters 
on the actuator behaviour; channel configuration and cavity 
width. As shown in Fig. 2(a) and 2 (b), based on preliminary 
work a nominal spacing between cavities was set at 5 mm 
width for two cavity width configurations of 5 mm and 3 mm. 
In addition, two channel configurations were designed to 
investigate the effect of placing pressure lines in different 
locations, while the total channel width (3 mm) remained 
constant between different configurations. 
 
A custom experimental test rig, shown in Fig. 3, was 
developed to measure block force and bending angle of each 
tSLAs across a range of controlled input pressures (0 to 5 psi). 
For each test, the prototype actuators are inflated using a 
custom syringe-driver consisting of a linear stage (C-Beam® 
Linear Actuator, Open-Build) of 250 mm travel and a 50 ml 
syringe. An analogue absolute pressure transducer (30PSI SSC 
series absolute pressure transducer, HoneyWell, USA) was 
used to monitor the pressure applied to the actuator.  
 
Figure 3. Experimental apparatus used to conduct block force and 
actuation angle experiments. 
 
Figure 2. tSLA protoypes; (a) conceptual design and features, (b) 
fabricated tSLAs with different channel and cavity width configuration.  
  
A 6-axis loadcell (Nano17, ATI Industrial Automation, 
USA) was used to measure the block force generated by the 
tSLAs. The actuator side surface was placed in contact with a 
rigid Perspex plate to minimise nonlinear effects due to 
bending. The pressure inside the actuator was then 
incrementally increased and normal force exerted by the 
tSLA¶s tip was recorded. Each experiment was repeated three 
times to assess accuracy and repeatability. A custom program 
was developed using LabVIEW (National Instruments, USA) 
to acquire the measurements from the loadcell and pressure 
transducer, while controlling the syringe pump at the set static 
input pressures. 
 
The bending angle of the tSLAs at controlled input 
pressures were recorded by using a high definition camera 
(D5300, Nikon, Japan) along with a measurable calibrated 
backing pattern (5 mm × 5 mm grid). The technique allowed 
lens distortion issues to be addressed and measurement 
accuracy to be enhanced. Post processing of the pictures was 
performed using an open-source image analysis program 
(ImageJ Image Processing and Analysis in Java) in which the 
Cartesian X and Y coordinates of the actuator tip were tracked 
and the resultant total bending angle was calculated. 
Results 
The range of prototype actuators were evaluated using 
static pressure tests, where the actuator¶V blocked force and 
bending angle were measured. All tSLAs were subjected to 
static pressure between 0 and 5 psi at 1 psi increments and all 
completed these tests without failure. 
The experimental results for the blocked force of the tSLAs 
are shown in Fig. 3(a). In all designs, the blocked force 
generated by the tSLA increases with input pressure. The 
actuator showing the best performance (5 mm chamber width, 
single channel) showed a maximum blocked force of 3.5 N at 
5 psi static input pressure. The tSLAs with 5 mm chamber 
width obtained significantly higher blocked force output when 
compared to the narrower 3 mm chamber design across all 
input pressures.  
 
As shown in Fig. 4(a) and Table 1, the channel design 
(single line in the centre or double lines on the sides) can have 
significant influence on force generation. From our results, the 
blocked force increased by 10 fold for the 5 mm chamber width 
in the single-line channel design when compared to the double-
line. 
 
The free response of the actuators shows that the tSLA 
bending angle increases with pressure across all designs as 
shown in Fig. 4(b) and Table 1. Similar to the blocked force 
experiment, the bending angle of the tip is significantly higher 
for the 5 mm chamber width design. The channel design is also 
influential, for the same cavity width, double lined 
configurations show lower bending. It was noted that there was 
expansion of the double channels at either side of the actuator 
which resisted the bending moment of the tSLA, hence 
 
Figure 4. Results of the blocked force and tip bending angle response for the tSLAs at five static input pressures between 0 and 5 psi.  
Table 1. Results of the blocked force and tip bending angle response for the tSLAs at five static input pressures between 0 and 5 psi. 
tSLA Designs Blocked Force (N) End Tip Angel (deg) 
 1 psi 2 psi 3 psi 4 psi 5 psi 1 psi 2 psi 3 psi 4 psi 5 psi 
SL ± 3 mm 0.0127 0.0168 0.0254 0.1586 0.2830 2.1890 3.6500 7.6480 11.7800 20.6160 
SL ± 5 mm 0.2390 0.6313 1.2340 2.2548 3.3974 3.8400 5.8300 15.0830 70.3470 79.6950 
DL ± 3 mm 0.0175 0.0215 0.0259 0.0320 0.0455 2.7440 4.7300 7.1930 11.1340 16.0420 
DL ± 5 mm 0.0130 0.0220 0.0441 0.1334 0.3381 3.1110 4.6280 5.4040 14.4450 48.7410 
 
  
constraining the bending of the actuator in comparison to a 
single channel configuration. 
 
The sensitivity of the DFWXDWRU¶VWRLQSXWSUHVVXUHH[KLELWVa 
noticeable non-linear response. For input pressures up to 
approximately 3 psi, small changes of bending angle were 
observed per unit pressure change. A possible explanation is 
that, in this pressure regime, the tSLAs stiffens by first 
expanding against the strain-limiting constraint fabric layer. 
Beyond this point, small changes in input pressure generate far 
larger changes in bending angle and these effects are amplified 
based on the cavity width. 
 
From these investigations we subjected the prototype tSLAs 
to additional testing to explore the bending characteristics 
across a range of pressures. The results for the 3 mm chamber 
width and single channel configurations are presented in Fig. 5 
showing the Cartesian position of the actuator segments and 
corresponding images from which these measures were 
obtained. The non-linear response of the actuator across the 
pressure range is again evident in this response. For pressures 
up to 3 psi the actuator produces a near-linear response with 
low curvature. Beyond this, at 4 and 5 psi, there is a marked 
change in the form of the actuator, with higher curvature which 
increases toward the tip. Inspecting the images shown in Fig. 
5(a) shows this is linked to expansion of the zero volume 
chambers and is a factor which could be controlled through 
manipulation of the constraint layer. 
 
IV. DISCUSSION 
In this study, we introduced a novel Thin Soft Layered 
Composition (tSLC) fabrication technique and demonstrated 
its capabilities through a series of proof of concept thin Soft 
Layered Actuators (tSLAs). The technique allows creation of 
thin laminar systems, ideally suited to actuators with zero-
volume fluidic cavities but also applicable for different soft 
robotic devices with structural, actuation and sensing 
capabilities.  
 
Using tSLC fabrication, the thickness of each layer can be 
carefully controlled using a film applicator (i.e. for 
prepolymer materials, paste) and/or by choosing a readily 
available film/sheet (i.e. polyvinylidene chloride ± PVDC, 
polyethylene terephthalate ± PET, Kevlar) which can be 
incorporated in to the tSLC fabrication process without 
additional resizing or preprocessing. Use of thin ³WZR
GLPHQVLRQDO´ OD\Hrs also allows the use of laser cutting and 
ablation techniques for the creation of precise patterns and 
features in/on each layer. These design features of tSLC 
fabrication aid repeatability of the process and enable smaller 
features to be embedded within soft robotic systems, hence, 
offering the possibility of reducing the overall scale of soft 
systems. This provides the opportunity for mm scale soft 
systems with precise operation which can be readily tailored 
for application specific requirements. 
 
This approach can be used to develop a multi-material 
composite soft actuator consisting of multiple actuation 
position/layers in which the entire actuator is thin, small, soft 
flexible and stretchable. The technique has produced a range of 
elastomeric sheets using Eco-Flex series and Dragon Skin 
series silicones (Smooth-On Inc.). In our early designs 
presented here, there is no constraint layer limiting the inflation 
profile of the top layer during actuation. In some cases, the 
cavity pressure may exceed the HODVWLFOD\HU¶V\ield point. This 
can be controlled by adding an additional constraint layer 
(made of a stiffer material compared to that of the inflatable 
layer, e.g. stiffer silicone) on top of the inflatable layer (silicone 
C in Fig.1(b)). For small gaps (< 1 mm) between 
chambers/features, elastic layers start to delaminate at 
pressures above 5 psi due to failure of the bonding mechanism. 
Isopropanol can be used to clean the surface before application 
of another layer. This was used to produce a strong bond and 
stop the delamination of the layers. Using this technique, 
tSLAs of 0.5mm to 5mm actuators can be produced. 
 
tSLAs, fabricated using tSLC technique, provide distinct 
advantages compared to comparable soft robotic actuators. 
The thin form factor of each layer allows the stacked 
combination of multiple layers, each bringing different 
functionalities (i.e. structural elements, sensing layers) 
without significantly increasing the thickness of the overall 
composite actuator. Thin soft robotic actuators are particularly 
interesting as they can be designed to form 3D shapes (or 
surfaces) from 2D structures when actuated [20]. Unlike other 
VRIW URERWLF DFWXDWRUV WKHLU ³'´ QDWXUH PDNH tSLAs 
lightweight and portable, eliminating much of the material 
µEXON¶VHHQLQSQHX1HWDSSURDFKHV 
 
V. CONCLUSION 
A novel Thin Soft Layered Composition (tSLC) fabrication 
technique was proposed and used to develop a range of Thin 
Soft Layered Actuators (tSLAs). The tSLAs are soft 
 
 
Figure 5. A prototype tSLA with 3 mm chamber width and single line 
channel design; (a) Side view of this actuator at 0 to 5 psi input pressure, 
(b) Calibrated X-Y profile of the actuator  
  
pneumatic actuators consisting of planar 2D geometrical 
designs, fabricated layer by layer via lamination of silicone 
and used to create thin PneuNets. As demonstrated by our 
preliminary results, this fabrication technique can be used to 
create tSLAs in a highly controlled way with several potential 
applications (i.e. biomedical, search and rescue, 
manipulation). Although further work is required to develop 
design and optimization tools for these systems, the prototypes 
demonstrated here demonstrate the many exciting 
opportunities for future application of this work. 
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